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The plasma generated by plasma focus (PF) devices have substantially different phys-
ical characteristics from another plasma, energetic ions and electrons, compared with
conventional plasma devices used for plasma nanofabrication, offering new and unique
opportunities in the processing and synthesis of Nanomaterials. This article presents
the use of a plasma focus of tens of joules, PF-50J, for the deposition of materials
sprayed from the anode by the plasma dynamics in the axial direction. This work
focuses on the determination of the most significant effects of the technological
parameters of the system on the obtained depositions through the use of a statisti-
cal experimental design. The results allow us to give a qualitative understanding of
the Ti film deposition process in our PF device depending on four different events
provoked by the plasma dynamics: i) an electric erosion of the outer material of the
anode; ii) substrate ablation generating an interlayer; iii) electron beam deposition
of material from the center of the anode; iv) heat load provoking clustering or even
melting of the deposition surface. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.4997877
I. INTRODUCTION
In the last decade, there is evidence of the increasing interest regarding the use of PF type plasmas
and their various applications.1–3 Specially they have attracted great interest on the possible appli-
cations in different technological fields where the idea that this device is not only a source of high
density plasma and temperature, but also a rich source of high-energy ions usable for modification
of surface properties of thin films deposition, doping of semiconductors and production/coating of
nanocomposites, is profitable.1,4–16 Depositing material through a pulsed plasma device, such as a PF
has some special features over other methods, including a high deposition rate, an energetic deposi-
tion process, the ability to operate at high frequency and being characterized by low operating costs,
which makes them very appropriate for the generation and treatment of technological materials.17–20
Nevertheless, these methods still require further studies to improve the quality of the resulting sur-
faces.7 To achieve this, it is extremely important to first get a good understanding of the processes
involved in this method of production/modification of materials.
The plasma dynamics of a PF starts when a high-voltage pulse is applied between the electrodes
through a spark-gap. The subsequent discharge starts over the insulator (breakdown phase) creating
a plasma sheath that starts to move axially (rundown phase) accelerated by the Lorentz force, and
afterwards radially at the top of the anode (radial collapse). Then, the sheath collapses in the axis
(focusing) to form a dense column of plasma of high temperature and high density called pinch.
Finally, this plasma column is disrupted due to plasma instabilities, generating a plasma burst of high
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ion density and energetic beams of ions and electrons that are accelerated in the direction of the axis
of the plasma column in both directions. The plasma burst is ejected away from the anode, generating
an axial plasma shock21 and energetic electrons, running essentially toward the anode and producing
an ablation of anode material and an ejection of this material away from the anode.22
The present study focuses on the use of a statistical experimental design to determine the most sig-
nificant effects of the system’s manipulatable technological parameters on the obtained deposits, and
with this, to gain a better understanding of the existing processes. Morphological and elemental char-
acterization is performed by means of Scanning Electron Microscopy (SEM) with Energy-Dispersive
Spectroscopy (EDS), chemical and structural characterization is performed through X-ray Diffraction
(XRD).
II. EXPERIMENTAL SETUP AND DIAGNOSTICS
The experiments of this work were performed in a very low energy plasma focus, PF-50J,
designed and built in our group.23–26 This device operates at energy levels of tens of Joules, around
32-72J of stored energy in the capacitor bank, with 40-60kA of maximum current being reached in
150ns, with design and operation parameters of 160nF, 38nH, 20-30kV. This device is composed
of a hollow central electrode (anode) made of stainless steel, 6 mm diameter and 48 mm in length,
partially covered by an alumina insulation. The effective length of the anode (free of insulation)
is 4.8 mm, having a central hole of 5.5 mm diameter. The cathode is an electrode array consisting
of 6 stainless steel bars of 4.8 mm in diameter and 28 mm long, distributed coaxially around the
anode.
The vacuum chamber of the PF-50J has a sample holder and a shutter, externally manipulated
and placed axially over the top of the anode. The sample holder is used to control the position of
the sample and the shutter is used to control the number of discharges (pulses), avoiding unwanted
exposure of the substrates to the initial optimization shots of the device. A pure Ti insert of 5.1 mm
diameter is added inside the top of the anode (filling the hollow anode) as a precursor for the depo-
sition of Ti thin films. A schematic diagram of the device showing the electrical circuit, the plasma
dynamics stages of the discharge and the sample holder and shutter positioning are shown in Fig. 1.
FIG. 1. Schematic diagram of the PF-50J showing the electrical circuit and plasma dynamics (phases: I Breakdown;
II Rundown; III Radial collapse; IV Focusing).
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For the in-situ diagnosis of electrical discharges, a fast resistive divider was located close to
the discharge chamber as a voltage probe and a calibrated Rogowski coil was used to monitor the
current derivative. For deposition of materials, the PF devices have been commonly used optimized
for strong focusing,22 indicated by the presence of an intense peak in the voltage probe signal or by
a deep current dip in the current derivative signal. In our case, the optimization presents at 28kV of
charge voltage at a pressure of 6 mbar, with hydrogen as a filling gas. A photomultiplier was used to
detect the x-rays emitted by the pinch compression, as another check of good compression.
Cleaned monocrystalline (100) silicon wafers were used as substrates for the deposition, mounted
downstream of the anode axis at different distances from the top of the anode. The films are deposited
at room temperature substrates, using different numbers of focus pulses. The resulting films where
characterized for their surface morphology by scanning electron microscopy (SEM) and for their
structure by x-ray diffraction (XRD). SEM micrographs were obtained with a TESCAN VEGA3
electron microscope using a secondary electron detector, whereas XRD measurements were per-
formed using a SIEMENS D5000. The XRD patterns were taken at room temperature using a
tube with a copper anode (λ(CuKα) = 0.15406 nm). The diffraction patterns were obtained with
grazing incidence geometry in detector scan mode, whereas the diffracted x-rays were detected
with a scintillation detector. An elemental characterization of the film is done with energy disper-
sive x-ray (EDX) spectroscopy attached to the SEM, as well as a distribution mapping on the film
surfaces.
III. RESULTS AND DISCUSSION
A. Experimental design
A strong pinch compression of the focus plasma is necessary to generate the energetic electrons
necessary to obtain the ablation of the anode and, with this, the titanium ions and atoms that will be
part of the generation of the thin layer. Even so, there is a range of good performance, with evident
compression of the pinch, for each technological parameter possible to manipulate in the device,
which could induce several effects on the resulting material. With this motivation, an experimental
design was applied as a screening method to evaluate the most significant effects of the technological
parameters that influence the Ti deposition. Specifically, a central composite design27 was created
(face-centered) to study the effects of 4 factors in 26 executions, see Table I. The design runs in
a single block and with the order of the experiments randomized completely, to protect against
the effects of hidden variables. The parameters variations were within the scope of our device and
considering previous results of deposition,19 using: A) Voltage, as the charge voltage of the capacitor
bank, between 26 – 28 kV; B) Pressure, as the working pressure, between 5 – 7 mbar; C) Distance,
as the distance from the top of the anode, between 9 – 21 mm; D) Pulses, as the number of focus
discharges, between 20 – 80.
Through the application of the central composite design methodology, a Pareto chart showing
standardized effects of each parameter can be produced on a given property of the resulting samples.
A Pareto chart is a type of chart where individual variables or combinations of them are represented
by horizontal bars in descending order of statistical relevance, allowing to determine, at a glance,
the important elements to be included in the statistical model. The diagram shows graphically the
principle of Pareto (few vital, many trivial dependencies), using as a statistically based acceptance
limit (the standardized effect estimate, in the usual scale of p-values), for each bar in the chart and
highlighting the most important among a set of factors. Notice that the model employed considers up
to second order of influences, i.e. the influence not only of the chosen parameters X and Y on their own,
but their XY product (approximating up to a second degree polynomial in all variables). In this work,
Pareto charts additionally indicate two kinds of effects on its bars: one indicating negative effects,
the decreasing of the considered property (in this article presented with bars filled with red diagonal
lines), and the other one indicating a positive effect, the increasing of the property (green vertical
lines). In this Pareto charts there is a vertical line showing the threshold below which the parameter
cannot influence the property with enough statistical significance, corresponding to a p-value equal
to 0.05.
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TABLE I. Experimental differences of samples deposited with Ti insert.
Sample Power [kV] Pressure [mbar] Distance [mm] Pulses [u.]
1 26 5 9 80
2 27 6 15 50
3 26 7 9 20
4 28 5 9 80
5 26 7 9 80
6 26 5 21 20
7 28 7 21 20
8 27 6 21 50
9 26 5 21 80
10 27 6 15 50
11 28 5 9 20
12 26 7 21 20
13 27 6 15 20
14 28 5 21 80
15 27 6 9 50
16 28 7 9 20
17 27 5 15 50
18 26 6 15 50
19 26 7 21 80
20 26 5 9 20
21 28 7 21 80
22 27 6 15 80
23 28 6 15 50
24 28 7 9 80
25 27 7 15 50
26 28 5 21 20
B. Morphological and elemental characterization
First of all, digital images were taken for eye-visible exploration directly on the resulting samples.
With these digital images it is possible to observe a few changes in the surfaces. As shown in
Fig. 2, there are surfaces that seem to have more deposition and an irregular, brightly appearance
(image from 26/5/9/80), as well as other seemingly smoother, with different reflecting color surfaces
(image from 28/5/21/80).
Scanning electron micrographs of the surfaces were made for all the deposited samples. Fig. 3
shows the SEM photographs of 28/7/21/20, 27/6/9/50 and 27/6/15/80 samples, all deposited using
a mix of different parameters. The surface morphologies of the deposited films exhibit impor-
tant differences between them, from smoother surfaces showing the presence of cracks (image
from 27/6/9/50), to rougher ones showing the presence of apparent holes or individual grains, of
FIG. 2. Digital images of selected samples. Voltage [kV]/Pressure [mbar]/Distance [mm]/Pulses from left to right: 26/5/9/80,
27/5/15/50, 27/6/15/20 and 28/5/21/80.
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FIG. 3. SEM images of selected samples with marker length of 200µm on all the micrographs. From left to right 28/7/21/20,
27/6/9/50 and 27/6/15/80.
sub-micrometric size, which are evenly distributed over the substrate surface (image from 28/7/21/20
and 27/6/15/80, respectively).
In order to identify the parameters responsible for the presented effects and to be able to give a
more founded explanation, some measurements were made on the images of all the samples. In the
case of the presence of cracks, width measurements were made through linear profiles, resulting in
sizes from null to some micrometers. With our measured crack size and using the presented statistical
tool we obtained the standardized effects of Pareto chart and using the presented statistical procedure
we obtained the standardized effects of the parameters (See Fig. 4), resulting that the distance is the
most important factor, the only one with enough statistical significance to influence the property,
i.e. the only bar crossing the global blue vertical line placed approximately in the point 2.2 of the
horizontal axis. The size of the cracks increases as the distance decreases. The presence of cracks with
the decreasing of distance between the anode and the sample is consistent with the fact that it received
a high shock plasma attack, produced by the plasma ejected from the pinch after the disruption.21
These cracks are produced by a potential progression of stress effects on the surface and melting
due to a fast heat load that ends in thermal contractions produced by a fast decrease of temperature,
recrystallizing the surface of the sample.28
EDS spectra of the samples were made in order to reveal elements present in each sample. All the
spectra show peaks corresponding to elements that are present in the anode and/or the substrate. It can
be noticed that some samples show the slight presence of a peak corresponding to Fe that comes from
the hollow anode walls. In addition, it is possible to appreciate the presence of O that can be attributed
to the natural oxide layer present on silicon substrates themselves. The spectra of different deposited
film samples are similar, same peaks can be identified, but with variation in peak intensities. The
resulting atomic quantities percentage of the different elements from the samples, present Ti from
only 2.61% up to a maximum of 37.26% and a half of the samples present Fe and/or oxygen in very
small percentages. The relative variation of the intensities of peaks corresponding to Ti present in the
film to the Si in the substrate is due to the different thicknesses of the deposited films. Considering
FIG. 4. Standardized effects of Pareto chart for crack size, showing that the size of the cracks increases as the distance
decreases (red bar that cross the blue line, threshold of statistical confidence).
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FIG. 5. Standardized effects of Pareto chart for Ti deposition (a) and presence of Fe (b).
this and after solving our statistical analysis, it was possible to determine that the resulting quantity
of Ti in the deposited layer depends directly on the number of pulses and, to a lesser extent, on the
Voltage, the working pressure and a combination of both (See Fig. 5a). The latter can be explained
by taking into account that the ablation of Ti at the anode depends on the energetic electron beam.
On one hand, an increase in the pressure implies in turn a greater density of electrons for the ablation
of the Ti in the anode, which causes a greater quantity of material for the deposition. On the other
hand, the energy of the electron beam depends on a strong pinch compression of the plasma focus,
which is optimal at the upper limit of our range of Voltage variation. In the case of the presence of Fe,
the more influential factors were the pulses and the pressure (See Fig. 5b). The deposit differences
between the anode materials, Ti and Fe, can be explained considering that the outer material of the
hollow anode (Fe) is principally ablated by a different process than of the center (Ti insert). The outer
material is slightly ablated by electric erosion, given the formation and course of the current sheath
(during the three first stages of the plasma dynamics of the discharge), and/or and the center material
is ablated by the bombardment of an electron beam (the energetic electrons generated at the pinch).
Notice that this electric erosion would affect the insulator (Al2O3) too, that implies that part of the
oxygen present in the samples could come from this process. That the number of pulses is the most
relevant factor for both Ti and Fe is easily understood since each pulse corresponds to a new source
of deposition and, therefore, more quantity of material is deposited in each one. The influence of
the pressure on the Fe deposition, to a lesser extent than pulses, presents as a decreasing of pressure
implies more presence of Fe, which can be explained by the consequent increase in the mean free
path and, consequently, less spatial dispersion of the material by collisions.
C. Structural and compositional characterization
X-Ray diffraction analysis was made for all the deposited samples obtaining the compositional
patterns and structures. In the XRD patterns (see an example in Fig. 6) we could recognize the presence
of Ti structures in more than 90% of the samples, intermetallic compounds like TiSi2 (38.46%) or
Ti5Si2 (46.15%), oxides such as SiO2 and TiO2, and even other metallic compounds such as FeTi.
FIG. 6. A typical XRD spectra analyzed, corresponding to the sample 26/5/9/80.
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FIG. 7. Standardized effects of Pareto chart for TiSi2 (a) and Ti5Si3 (b) formation.
The SiO2 observed indicates an ablation of the Si wafer surface (with its natural oxide layer) by
the energetic ions and their re-solidification on the substrate surface. Similarly, the generation of the
intermetallic compounds, TiO2 and FeTi indicates the same ablation of the substrate, with the Ti and
Fe deposited by the previous pulse, and their chemical combination with the arriving titanium ions in
the plasma ablated from the anode insert. All these processes likely generates an interlayer between
the substrate and the material that could either be studied in itself or simply potentiating an adhesion
enhancement of a required thin film or layer without the need of another deposition.
Considering the generation of the intermetallic compounds, TiSi2 and Ti5Si3, we also did the
statistical procedure with respect to its formation considering their identification on the XRD patterns
of the samples. For both intermetallic compounds, the most relevant factor is the distance (See
Fig. 7), the smaller distance the greater the probability of identifying their formation, but in case of
TiSi2 there is also a small incidence of the combination of Voltage and distance, indicating that the
lower Voltage/distance the greater the probability to obtain TiSi2. These relationships are justified
by the fact that the formation of TiSi2 and Ti5Si3 depends on the stoichiometric ratios, which in turn
depend on the ablation of Si by the energetic ions, and the energy applied (temperature or pressure),
since the formation of Ti5Si3 requires more energy for its formation and even TiSi2 can undergo a
phase transition to Ti5Si3. This, in addition, could be giving information about limits of deposition
energy or pressures, necessary for phase transitions.
Measurements of the line broadening at half the maximum intensity (FWHM) of the peaks
corresponding to the structures of pure Ti on the obtained XRD patterns where made in all the
XRD patterns in order to extract the relation of the sub-micrometric particles or crystallites size of
the deposition, assuming their inverse relation in the Scherrer equation, τ = Kλ/βcosθ, where: τ is
the mean size of the crystalline domains, which may be smaller or equal to the grain size; K is a
dimensionless shape factor, with a value close to unity depending on the actual shape of the crystallite
(typical value of 0.9); λ is the X-ray wavelength; β is the FWHM, after subtracting the instrumental
one (in radians); and θ is the Bragg angle (in degrees).
With these measurements we also obtain a statistical result corresponding to the sub-micrometric
structures obtained in the samples. With those measurements and using our statistical tool we obtain
that the distance is the more important factor on these effects. The particles or crystallites size of
the Ti deposited become smaller as the distance increases (See Fig. 8). This can be explained by
two ways: 1) smaller grain sizes have probably been activated by greater energy deposition, due to
FIG. 8. Standardized effects of Pareto chart for the grain sub-micrometric sizes of Ti deposition, showing that is smaller as
the distance increases.
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higher ion flux at these distances, causing the coagulation of deposited grains; and 2) since after each
deposition pulse, there is a shock plasma attack that arrived at the sample producing a heat load (from
the next pulse), this could facilitate the mobility of material, producing similar clustering of smaller
size grains or even melting them to form bigger ones.
IV. CONCLUSIONS
The deposition of Ti thin films at room temperature has been achieved using a plasma focus
device of tens of joules. A statistical experimental design was successfully applied as a screening
method to evaluate the most significant parameters influencing the film deposition: charge voltage,
working pressure, distance from the top of anode and number of focus discharge of deposition. The
resulting films and their characterization allow us to give a qualitative understanding of the film
deposition process in our focus device depending on four different events provoked by the plasma
dynamics: i) During the formation and path of the current sheath there is an electric erosion of the
material of the anode and insulator that arrive the substrate being part of the deposition; ii) The
energetic ions ejected by the pinch provoke the ablation of the substrate facilitating the formation of
an interlayer; iii) The energetic electrons ejected by the pinch provoke the electron beam deposition
of material from the insert of the anode; iv) The plasma shock generated after the pinch disruption
highly attack the deposition producing a heat load inducing clustering of the material or even melting
of the surface.
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